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Nicotiana plumbaginifolin NpPDR1, a plasma membrane pleiotropic drug resistance-type ATP-binding cassette transporter
formerly named NpABC1, has been suggested to transport the diterpene sclareol, an antifungal compound. However, direct
evidence for a role of pleiotropic drug resistance transporters in the plant defense is still lacking. In situ immunolocalization
and histochemical analysis using the gusA reporter gene showed that NyPDR1 was constitutively expressed in the whole root,
in the leaf glandular trichomes, and in the flower petals. However, NpPDR1 expression was induced in the whole leaf
following infection with the fungus Botrytis cinerea, and the bacteria Pseudomonas syringae pv tabaci, Pseudomonas fluorescens,
and Pseudomonas marginalis pv marginalis, which do not induce a hypersensitive response in N. plumbaginifolia, whereas
a weaker response was observed using P. syringae pv syringae, which does induce a hypersensitive response. Induced NpPDR1
expression was more associated with the jasmonic acid than the salicylic acid signaling pathway. These data suggest that
NpPDR1 is involved in both constitutive and jasmonic acid-dependent induced defense. Transgenic plants in which NpPDR1
expression was prevented by RNA interference showed increased sensitivity to sclareol and reduced resistance to B. cinerea.
These data show that NpPDR1 is involved in pathogen resistance and thus demonstrate a new role for the ATP-binding

cassette transporter family.

ATP-binding cassette (ABC) transporters, which be-
long to a protein superfamily found in all living
organisms, mediate the translocation of a wide range
of structurally unrelated molecules across biological
membranes (Higgins, 1992; Holland et al., 2002). All
functional ABC proteins have a basic structural orga-
nization consisting of a hydrophobic transmembrane
domain (TMD), usually made up of six transmem-
brane spans, and a hydrophilic nucleotide binding
fold (NBF). The latter contains a conserved 200 amino
acid region with three motifs, the Walker A and Walker
B boxes (Walker et al., 1982), which are separated by
approximately 120 amino acids that contain the ABC
signature motif (Bairoch, 1992). The TMD and NBF are
usually arranged in a duplicated forward (TMD-NBD-
TMD-NBD) or reverse (NBD-TMD-NBD-TMD) con-
figuration, and these proteins are known as full-size
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ABCs. However, half-size transporters, which can act
as dimers, have also been reported (see Pighin et al.,
2004 for a recent example in plants). In some cases,
especially in prokaryotes, the different structural do-
mains can be encoded as separate subunits, referred to
as quarter molecules (Higgins, 1992).

The complete sequencing of the Arabidopsis (Arab-
idopsis thaliana) genome allowed the identification of
131 ABC transporter coding sequences (Sanchez-
Fernandez et al., 2001; Martinoia et al., 2002), 54 of
which belong to the full-size category, while analysis
of the rice (Oryza sativa) genome, most of which has
been sequenced, allowed the identification of a similar
number of genes (Jasinski et al., 2003; Garcia et al.,
2004). This abundance may be associated with the
large variety of secondary metabolites that plants have
to cope with and the absence of a specialized excretory
structure. Most of the plant full-size transporters
are classified according to the configuration of their
TMD and NBF domains into three groups, multidrug
resistance-associated proteins (MRP), multidrug resis-
tance (MDR) transporters, and pleiotropic drug resis-
tance (PDR) transporters (for review, see Theodoulou,
2000; Sanchez-Fernandez et al., 2001; Martinoia et al.,
2002; Rea et al., 2002; van den Briale and Smart, 2002;
Jasinski et al., 2003).

The MRP subfamily contains the best-characterized
plant ABC transporters. Some of these are responsible
for the vacuolar import of chlorophyll catabolites and
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xenobiotics or endogenous metabolites conjugated to
glutathione, glucoside, or glucuronate (for review, see
Rea, 1999; Martinoia et al., 2002; Rea et al., 2002), and
are suggested to play a role in cellular detoxification by
vacuolar sequestration of endogenous or exogenous
toxic compounds. This is consistent with the induction
of AtMRP expression seen when an Arabidopsis cell
suspension is treated with different chemicals, includ-
ing herbicide safeners (Sanchez-Fernandez et al., 1998).
Plant MRPs also have other functions; for example,
AtMRP5 is suggested to function as an ion channel
regulator (Gaedeke et al., 2001) and is involved in the
regulation of the stomatal aperture (Klein et al., 2003).

The MDR subfamily contains Arabidopsis AtPGP1
(P-glycoprotein 1), the first plant ABC transporter to
be cloned (Dudler and Hertig, 1992). The physiological
implication of this subfamily in plants is still a matter
of debate, since marked differences have been ob-
served in phenotypes associated with a given AfMDR
gene. The use of AtPGPI sense and antisense con-
structs in transgenic plants suggests its involvement,
via the transport of a hypothetical hormone, in the
regulation of hypocotyl growth (Sidler et al., 1998),
while reverse genetics analysis allowed the isolation of
Arabidopsis AtMDR1 and AtPGP1 mutants character-
ized by a phenotype that could result from limited
auxin transport (Noh et al., 2001). It was recently
shown that this phenotype results from a disruption of
the normal accumulation of PIN1, an auxin trans-
porter, at the basal end of the hypocotyl cells (Noh
et al., 2003). In the maize (Zea mays) br2 and sorghum
(Sorghum bicolor) dw3 mutants, compact stalks result
from the loss of an MDR transporter homologous to
AtPGP1 (Multani et al., 2003). Other studies showed
that, using an ATP gradient resulting from ectophos-
phatase activity, AtPGP1 might confer xenobiotic re-
sistance via secretion of toxic metabolites, such as
herbicides (Thomas et al., 2000; Windsor et al., 2003).
Another interesting member of the plant MDR sub-
family is the Coptis japonica CjMDR1, which is in-
volved in the uptake of berberine, an alkaloid that
accumulates in the rhizomes of this species (Shitan
et al., 2003).

The plant PDR subfamily has been poorly investi-
gated. For some of its members, a link between the
ABC transporter and a physiological substrate has
been demonstrated. The plasma membrane transporter
NpABC1 (from now on, NpABC1l will be called
NpPDR1 to specify the subfamily it belongs to) was
identified in Nicotiana plumbaginifolia culture cells
treated with sclareol, an antifungal diterpene, and
was indirectly shown to transport a sclareol analogue,
suggesting, but not demonstrating, the involvement of
this transporter in plant defense (Jasinski et al., 2001).
Expression of SpTUR?2, a Spirodela polyrrhiza protein
showing high homology with NpPDRI, is also in-
duced by sclareol (van den Briile and Smart, 2002), and
its overexpression in Arabidopsis improves growth
in the presence of toxic concentrations of sclareol
(van den Brile et al.,, 2002). These data suggest the
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involvement of plant PDR-like proteins in the secre-
tion of antimicrobial terpenes.

Plant defense mechanisms are varied, depending on
the plant and pathogen involved. In most cases, the
plant response is complex, including both constitutive
and pathogen-induced defense mechanisms. The lat-
ter generally involves either the salicylic acid (SA)- or
jasmonic acid (JA)-controlled pathway. In addition to
defense proteins, such as various lytic enzymes, sec-
ondary metabolites participate in constitutive or in-
duced defense (Feys and Parker, 2000; Dangl and
Jones, 2001; Cheong et al., 2002; Kunkel and Brooks,
2002). Sclareol belongs to the terpenoid group of sec-
ondary metabolites, a large class of molecules in-
volved in various physiological processes, including
plant-pathogen (Kennedy et al., 1992) and plant-insect
(De Moraes et al., 2001) interactions. Sclareol, which
also inhibits the growth of certain pathogenic fungi
(Bailey et al., 1975), is synthesized in tobacco leaf tri-
chomes (Guo and Wagner, 1995) and is, like some
other diterpenes, a major constituent of the exudate
covering the leaf surface (Colledge and Reid, 1975).

The involvement of PDR-type transporters in plant
defense is supported by the observations that a
pathogen-produced elicitor induces NtPDR1 ex-
pression in an Nicotiana tabacum suspension culture
(Sasabe et al., 2002) and that AtPDR12 is up-regulated
in Arabidopsis inoculated with compatible and in-
compatible fungi (Campbell et al., 2003). However,
despite an enhanced susceptibility to sclareol, Arabi-
dopsis insertion lines disrupted in AtPDR12 do not
display any altered sensitivity to pathogens such as
Fusarium oxysporum or P. syringae pv Tomato (Campbell
et al., 2003), thus questioning the role of this trans-
porter in resistance to pathogens. The possible involve-
ment of NpPDRI1 in plant defense was therefore
investigated in this study in that we showed that
NpPDR1 was constitutively expressed in the leaf
trichomes and the root, but was induced in the whole
leaf following pathogen attack. Silencing of NpPDR1
by RNA interference resulted in increased sensitivity
to sclareol and the plant pathogen Botrytis cinerea, thus
demonstrating its involvement in a defense system.

RESULTS
NpPDR1 Expression in N. plumbaginifolia

NpPDR1 has been previously immunodetected in
N. plumbaginifolia peeled leaf epidermis (Jasinski et al.,
2001), a tissue localization in agreement with its
possible involvement in terpene secretion at the leaf
surface. Biosynthesis of secondary metabolites, includ-
ing monoterpenes (Turner et al., 1999), sesquiterpenes
(Crock et al., 1997), and diterpenes (Guo and Wagner,
1995), occurs in the secretory head cells of the leaf
glandular trichomes. Ultrastructural analysis of tobacco
short (unicellular stalk and pluricellular head) and
long (multicellular stalk and uni/pluricellular head)
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glandular trichomes showed that both have secretory
properties (Akers et al., 1978). Since the secretion of
secondary metabolites changes during plant develop-
ment, we used western blotting to follow NpPDR1
expression in N. plumbaginifolia during leaf develop-
ment and in leaves of different sizes and stalk posi-
tions; in this and subsequent western blotting and
in situ immunolocalization studies, two different anti-
NpPDRI1 antisera (see “Materials and Methods”) were
used, with identical results. As shown in Figure 14, in
contrast to the constitutive expression of plasma mem-
brane H"-ATPase, NpPDR1 was not detected in the
microsomal fraction of whole leaf, but was detected
in the same fraction from the peeled epidermis of ro-
sette and stalk leaves, provided the latter were at least
one-half of the maximal size observed for a fully ex-
panded leaf. The amount of the control protein, plasma
membrane H"-ATPase, did not vary significantly.

In situ immunolocalization studies on N. plumba-
ginifolia peeled leaf epidermis localized NpPDRI1 to
the glandular trichomes (Fig. 1B), whereas plasma
membrane H'-ATPase was mainly found in the sto-
matal guard cells (Fig. 1C). To confirm this, we in-
troduced a DNA construct containing the gusA
reporter gene under the control of the NpPDR1 tran-
scription promoter region into N. tabacum; this con-
struct has been shown to function in N. tabacum BY2
cells but has not been tested in plants (Grec et al., 2003).
B-Glucuronidase (GUS) histochemical analysis of the
epidermis of the transgenic plants confirmed that
NpPDR1 was expressed in the leaf trichomes (Fig. 1D).

NpPDR1 expression analysis was extended to other
organs. Western blotting of the root of a plant grown in
soil showed that NpPDR1 was expressed throughout
the entire length of this organ and that expression was
also observed in hydroponic culture and in sterile
in vitro culture (Fig. 1E). In situ immunolocalization
failed to detect NpPDRI in the root, probably because
the antigenic determinants were lost during the harsh
embedding conditions. However, in transgenic plants
expressing NpPDR1-gusA, GUS expression was seen
in the whole root, except for the tip (Fig. 1F). Cross
section showed expression in most of the root cells.

Western blotting with flower organs showed that
NpPDR1 expression was exclusively found in the
upper part of the petal (Fig. 1G).

NpPDR1 Expression Is Induced by Biotic Stresses

The antimicrobial properties of sclareol and other
terpenes (Bailey et al.,, 1975; Kennedy et al., 1992),
which are possible NpPDR1 substrates, suggest that
NpPDR1 is involved in the plant response to patho-
gens. Thus far, we had demonstrated constitutive ex-
pression of NpPDR1 in the root and in leaf glandular
trichomes, which are known to secrete terpenoid
molecules as a constitutive first barrier of defense.
However, since plant defense also involves induced
responses following pathogen attack, we studied the
response of NpPDR1 to pathogen infection. N. plumba-
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ginifolia fully expanded stalk leaves were infiltrated
with water (control), or with P. syringae pv tabaci
Laboratorium voor Microbiologie van Gent (LMG)
5393 or P. syringae pv syringae PsP2. Both have hrp
genes that encode for the type III secretion system and
avirulence (avr) proteins, which provide a selective ad-
vantage in the pathogen infection process (Alfano and
Collmer, 1997). However, the avr proteins from P.
syringae pv syringae are recognized by tobacco Resis-
tance proteins, which act as receptors and trigger
programmed cell death, known as the hypersensitive
response (HR), whereas P. syringae pv tabaci avr pro-
teins are not recognized by the host and HR is not
initiated, resulting in strong pathogenesis. We also
tested the response to the nonpathogenic P. fluorescens
LMG 1794 and to P. marginalis pv marginalis LMG
5177, which produces pectolytic enzymes but is not
known as a pathogen for Nicotiana species. Western-
blot analysis (Fig. 2A) of microsomal fractions extrac-
ted from different leaf regions and after increasing
periods of infection revealed that all the tested Pseu-
domonas strains, except P. syringae pv syringae, in-
duced strong expression of NpPDR1 in the whole leaf.
NpPDR1 was first detected in the infiltration zone
(zone 1) and, in some cases, to a lesser extent in the sur-
rounding zone (zone 2), while a longer period of in-
fection resulted in its appearance in more remote
zones of the infiltrated leaf (zone 3). However, in a
leaf infiltrated with HR-inducing P. syringae pv syrin-
gae, little NpPDR1 expression was observed. This was
not due to lack of infection, since the infiltrated tissues
displayed necrosis (data not shown). GUS histochem-
ical analysis of P. syringae pv tabaci-infiltrated trans-
genic N. tabacum plants expressing the NpPDR1-GUS
reporter gene confirmed it was expressed in the tri-
chomes in the absence of the pathogen and showed
that NpPDR1 was expressed in the leaf mesophyll fol-
lowing infection (Fig. 2B), suggesting its involvement
in an induced plant pathogen response.

The difference in the responses seen using P. syringae
pv syringae, which induces HR, and the other strains,
which do not, prompted us to examine markers of the
SA and JA signaling pathways involved in plant de-
fense. Using reverse transcription (RT)-PCR (Fig. 2C),
we found that the PRla gene, an SA pathway-
dependent marker, was only induced following in-
fection with P. syringae pv syringae PsP2, while the
PR2b gene, a JA pathway-dependent marker, was up-
regulated to a greater extent following infection with P.
syringae pv tabaci LMG 5393, P. fluorescens LMG 1794,
or P. marginalis pv marginalis LMG 5177, all of which
induced strong NpPDR1 expression. Examination of
the effect of JA, SA, and ethylene infiltration confirmed
these data; NpPDR1 expression was more induced by
JA than by the other two chemicals (Fig. 2D), in agree-
ment with previous data obtained with N. tabacum
suspension cells (Grec et al., 2003). All together, these
data suggest that NpPDR1 is predominantly involved
in an induced defense pathway distinct from the SA-
dependent HR.
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Figure 1. NpPDR1 is expressed in the leaf tri-
chomes, the root, and the petals. A, Microsomal A
fractions were extracted from the whole leaf (L)
or leaf epidermis (E) of N. plumbaginifolia rosette
or flower-stalk leaves at different developmental

stages or of the indicated size (width [cm]/length NpPDR1 mip|
[cm]) and subjected to western blotting using

. St P
anti-NpPDR1 or anti-H™-ATPase antibodies. Five H*- ATPascamp

to ten leaves were pooled per stage. The apparent
molecular masses of the bands are indicated on
the right. B and C, The epidermis was peeled from
mature N. plumbaginifolia stalk leaves and pre-
pared for in situ immunolocalization (see "Mate-
rials and Methods") using anti-NpPDR1 (B) or
anti-H"-ATPase antibodies (C). D, The epidermis
of a transgenic N. tabacum plant expressing
NpPDR1-gusA was peeled off and processed for
histochemical analysis; GUS-positive structures
are stained blue. Bars = 20 um. E, Microsomal
fractions extracted from the indicated root sec-
tions of a flowering plant grown in the soil (left
section) or from the whole root of a plant grown
in vitro in Murashige and Skoog solid medium,
soil, or hydroponic culture (right section) were
submitted to western blotting using the indicated
antibodies. The apparent molecular masses of the
bands are indicated on the right. F, Roots of E
a transgenic N. tabacum plant expressing the
NpPDR1-gusA construct were processed for his-
tochemical analysis. The left section shows a sec-
ondary root emerging from a primary root. The
middle section shows absence of GUS expression
in the tip. GUS-positive structures are stained
blue. The right section shows a root cross section
after GUS staining. G, Microsomal fractions were
extracted from the indicated flower organs and
submitted to western blotting using the indicated F
antibodies. The petal top (colored) and bottom
parts were separated and individually tested.

NpPDR1 mip |

H*- ATPasemip

NpPDR1 Silencing Confers Increased Susceptibility of N.
plumbaginifolia to Sclareol and the Pathogen B. cinerea

In order to decipher the physiological function of
NpPDR1 and investigate its possible involvement in
the plant-pathogen response, we prevented its expres-
sion by RNA interference. We thus obtained transgenic
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plants expressing a double-stranded RNA correspond-
ing to a region encompassing nucleotides 12 to 434 of
the NpPDR1 cDNA. Several transgenic plants showed
no NpPDR1 expression (western blotting) in the leaf
epidermis or in the whole leaf upon induction by
sclareol infiltration (four independent lines are shown
in Figure 3A). Induction of NpPDR1 expression in the
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1 P. syringae pv. tabaci

P. syringae pv. syringae

Figure 2. NpPDR1 expression in the leaf follow-
ing bacterial infection. A, Mature stalk leaves
from a flowering N. plumbaginifolia plant were
infiltrated through the stomata with the indicated
Pseudomonas strain. After the indicated period of
time, the infiltration site (lanes marked 1), a5 mm
zone surrounding the infiltration site (lanes
marked 2), or a zone remote from the site (lanes
marked 3) was used to prepare a microsomal
fraction, which was used for western blotting
using the indicated antibodies. B, Mature leaves
of a transgenic plant expressing NpPDR1-gusA
were left untreated (—) or infiltrated (+) with P.
syringae pv tabaci LMG 5393, then, after 52 h,
a leaf section remote from the infiltration site was
examined by GUS histochemical analysis. C,
Total RNA extracted from whole leaves treated
as in A (28 h for P. syringae pv syringae and
P. syringae pv tabaci and 52 h for P. fluorescens
and P. marginalis) was subjected to RT-PCR
analysis using primers specific for the indicated
genes. D, Mature leaves of a wild-type plant were
infiltrated with water (H,0), 800 um JA, 1 mm SA,
or 400 um amino cyclopropane carboxylic acid
(ACC), an ethylene precursor, then, after 24 h, the
infiltrated zones were used to prepare a micro-
somal fraction which was used for western blot-
ting using the indicated antibodies.
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Figure 3. NpPDRI1 silencing by RNA interference. A, Microsomal
fractions prepared from the leaf epidermis (L) or from a leaf section 16 h
after sclareol infiltration (L) of wild-type or NpPDR1-silenced plants
were subjected to western blotting using the indicated antibodies. wt,
Wild-type; 3, 6, 8, 9, PDR1-silenced lines. B, RNA was prepared from
a leaf section 96 h after P. syringae pv tabaci infiltration and subjected
to northern-blot analysis using primers specific for the indicated genes.
C, Microsomal fractions prepared from the samples analyzed in B were
subjected to western blotting using the indicated antibodies.

whole leaf by P. syringae pv tabaci was prevented as
found by northern (Fig. 3B) and western blotting (Fig.
3C). In order to investigate in more detail the involve-
ment of NpPDR1 in sclareol transport, we took ad-
vantage of the toxic properties of this diterpene (Cutler
et al, 1977) and compared its toxicity on proto-
plasts isolated from wild-type and NpPDRI1-silenced
plants. Protoplast viability assays (Fig. 4) showed an
increased sensitivity of the transgenic material with
impaired NpPDRI1 expression compared to the wild
type, supporting the involvement of the PDR protein
in sclareol extrusion. The increased sclareol suscepti-
bility of the NpPDR1 expression-impaired cells was
confirmed by a bud regeneration assay performed on
leaf disks grown on a regeneration medium supple-
mented with sclareol ranging from 75 to 200 um (data
not shown).

The NpPDRI-silenced plants did not show any
particular modification of growth and development
compared to the wild type. Since the antimicrobial
properties of sclareol and the response of NpPDR1 to
biotic stress suggest the involvement of NpPDR1 in the
plant-pathogen response, the resistance of wild-type
and NpPDRI1-silenced plants to P. syringae pv tabaci
was tested by leaf infiltration. Although, in some ex-
periments we observed that the transgenic plants were
more susceptible to the pathogen and showed a faster
burnishing of the infiltrated zone (data not shown),
these data were not systematically observed and were
not investigated further. On the other hand, increased
pathogen susceptibility of NpPDRI-silenced plants
was evidenced by their frequent spontaneous infection
by a fungus identified as B. cinerea (Fig. 5), which never
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occurred in wild-type plants. B. cinerea infection led to
rotting at the root-stem junction and, eventually, plant
death sometimes before the flowering stage. This was
observed for the four lines tested but not for the wild-
type plants (Fig. 5D). Fungal growth was frequently
observed along the stem and on the lower stalk leaves.

0 puM sclareol

50 uM sclareol

75 uM sclareol

100 uM sclareol

wild type PDR1-s
B
Bl wild type
75 1PDR1-s

50 4

254

0- {“ Illil
75 100

0 25 50

protoplast viability (%)

MM sclareol

Figure 4. NpPDR1-silenced cells display increased susceptibility to
sclareol. A, Protoplasts were isolated from stalk leaves of wild-type and
NpPDR1-silenced (PDR1-s) plants and incubated for 9 h with the
indicated sclareol concentrations, then protoplast viability was exam-
ined by fluorescence microscopy using fluorescein diacetate. The
figure shows representative pictures. Bars = 10 um. B, Group data
for four independent experiments examining protoplast viability for
each treatment. Protoplast viability is expressed as the percentage
(mean = standard error) of fluorescent protoplasts compared to the total
number of protoplasts.
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wit
D
Line Number of death plants
1 2 3
WT 0/6 0/6 0/6
3 3/6 2/6 2/6
6 4/6 3/6 4/6
8 4/6 4/6 5/6
9 3/6 2/6 1/6

Figure 5. Spontaneous infection of NpPDR1-silenced plants by B.
cinerea. A, A silenced plant (PDR1-s) spontaneously infected by B.
cinerea is shown. The frame shows the region enlarged in B. C, An age-
matched wild-type (wt) plant is shown for comparison. D, Quantitative
data showing for four silenced lines the number of plants that
spontaneously became infected and died before seed production. For
each of the three experiments (numbered 1, 2, and 3), six plants of the
wild-type and the indicated lines were grown in soil pots in a growth
chamber.

Western blotting showed that NpPDR1 expression was
induced in wild-type leaf disks infected by B. cinerea
(Fig. 6A). We then challenged the resistance of leaf
disks of wild-type and four silenced plants to B. cinerea
and found that silenced plants were clearly more
susceptible to the pathogen; for 38 out of 48 leaf disks
(divided in three independent experiments) of silenced
plants, clear signs of pathogen development (Fig. 6B)
were observed, while none was detected for the wild-
type plant. B. cinerea susceptibility was also challenged
on 14 plantlets in soil. All of the NpPDRI-silenced
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plantlets clearly showed severe infection development,
while this was not the case for the wild-type (Fig. 6C).

DISCUSSION

The previous characterization of NpPDRI, per-
formed on a N. plumbaginifolia suspension cell culture
(Jasinski et al., 2001), suggested that it is involved in
sclareol transport, and the antimicrobial properties of
this diterpenoid (Bailey et al., 1975) led to the conclu-
sion that NpPDR1 might be involved in plant defense.
However, this hypothesis is not yet supported by any

A B. cinerea
-+
NpPDR1 mp =160 kDa
H*- ATPase mp =—105 kDa
B B. cinerea 104 spores/mli

.
; s

C B. cinerea 103 spores/ml

Figure 6. NpPDRI-silenced plants are more susceptible to B. cinerea
infection. A, Microsomal fractions extracted from a leaf disk from an
NpPDR1-silenced plant incubated for 10 d with or without B. cinerea
(10° spores/mL) were subjected to western blotting using the indicated
antibodies. The apparent masses of the bands are indicated on the right.
B, Sixteen leaf disks were cut from 2-month-old in vitro wild-type (wt)
and NpPDR1-silenced (PDR1-s) plants, and infected in vitro by spotting
with 5 uL of the indicated concentration of B. cinerea spores. Leaf disks
were observed after 14 d. This experiment was performed three times.
C, After 2 weeks of acclimation to the compost substrate, 14 wild-type
(wt) and 14 NpPDR1-silenced (PDR1-s) plantlets were infected with
1 mL of B. cinerea spores (10%*/mL) and observed after 14 d.
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experimental data and is even questioned by the
observation that Arabidopsis plants knocked out for
AtPDR12, the closest homolog of NpPDRI, do not
show increased susceptibility to the pathogens tested
(Campbell et al., 2003). As the expression profile at the
cellular level of NpPDR1 or its S. polyrrhiza and Arabi-
dopsis homologs had not been reported, we first de-
termined NpPDR1 expression using the gusA reporter
gene. We showed that NpPDR1 was detected in the leaf
glandular trichomes, consistent with its involvement in
the secretion of the sclareol-related diterpenes found in
the leaf exudates of Nicotiana species (Colledge and
Reid, 1975; Severson et al., 1984). In the root, expression
was found in most cell types. We could eliminate the
possible up-regulation of NpPDRI1 expression in re-
sponse to soil microorganisms since the protein was
also immunodetected in roots of plants grown under
sterile conditions. This is in agreement with the consti-
tutive presence of antimicrobial terpenes and other
metabolites in this organ (Oberlies et al., 2001; Ulubelen
et al., 2001; Chen et al., 2002; Tan et al., 2002).

NpPDRI1 expression in the upper part of the petal
might also be related to plant defense like in other
organs. However, petals are involved in the biosyn-
thesis of flower volatile metabolites (Dudareva and
Pichersky, 2000), and we cannot exclude the hypoth-
esis that NpPDR1 might be involved in volatile me-
tabolite secretion. The floral fragrances are dominated
by monoterpenoid, sesquiterpenoid, phenylpropanoid,
and benzenoid compounds (Dudareva and Pichersky,
2000) that are structurally distant from sclareol. How-
ever, a broad substrate specificity for NpPDR1 is
possible, considering the large range of substrates
presented by some ABC transporters of the PDR
family, such as the yeast Pdr5p (Kolaczkowski et al.,
1998).

The strong up-regulation of NpPDR1 in the whole
leaf after infection by the bacteria P. syringae pv tabaci,
P. fluorescens, and P. marginalis pv marginalis and the
fungus B. cinerea, suggests its involvement in induced
plant defense resulting in the secretion of secondary
metabolites, such as sclareol and other diterpenes,
which inhibit the growth of the invading organism.
The lower induction of NpPDR1 expression seen after
P. syringae pv syringae infection might be explained by
the inhibitory effect of SA on the JA-dependent de-
fense pathway (Doares et al., 1995), since P. syringae pv
syringae induces SA production in infected plants
(Cameron et al., 1994). This was confirmed by RT-PCR
analysis, which showed that expression of PRla
(Payne et al., 1988), a marker for the SA-dependent
defense response, was only induced by P. syringae pv
syringae. In contrast, expression of PR2b (Linthorst
et al.,, 1990), a JA-dependent defense marker, was in-
duced to a lesser extent by P. syringae pv syringae than
by the other Pseudomonas strains, which all induced
NpPDR1 expression. In agreement with these data, leaf
infiltration with JA induced stronger NpPDR1 expres-
sion than with SA. A similar observation had been
reported for N. tabacum suspension cells (Grec et al.,
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2003). These observations indicate that NpPDR1 is pre-
dominantly a JA-responsive defense-related gene that
responds poorly to a pathogen that induces HR and
the SA signaling pathway. It is interesting to note that
bacterial strains like P. fluorescens and P. marginalis pv
marginalis, which are not pathogenic to Nicotiana spe-
cies, nevertheless induced NpPDR1 expression, sug-
gesting that these strains induce a plant response in
the absence of usual pathogenic symptoms.

A recent analysis of the response of NtPDRI, a
N. tabacum gene related to, but not an ortholog of,
NpPDRI, to microbial elicitors in tobacco suspension
cells showed that its expression is induced by JA, but
not SA, and that NtPDR1 expression is up-regulated
by elicitors, some of which induce HR, linked in many
instances to the SA pathway (Sasabe et al., 2002). Since
no SA- and JA-specific markers were tested in the
latter study, we cannot conclude whether NpPDR1 and
NtPDR1 are linked to the same signaling pathway. In
addition, since elicitin exhibits different biological ac-
tivities in culture cells compared to leaves (Dorey et al.,
1999), it is difficult to compare our data obtained using
plants and the NtPDRI data obtained using suspen-
sion cells.

These data contrast with those reported in a study
on the pathogen response of AtPDRI12, the closest
NpPDR1 homolog in Arabidopsis (69.6% amino acid
sequence identity). Campbell et al. (2003) showed that
AtPDR12 is predominantly regulated by the SA sig-
naling pathway, although the JA pathway is also
required for a rapid response. This contrasts with the
observation reported here for plants and previously
for culture cells (Grec et al., 2003) that NpPDR1 is less
dependent on the SA pathway and is poorly induced
by an HR-inducing pathogen. Another major differ-
ence is that AtPDR12 insertion lines did not show any
altered resistance to the fungal and bacterial patho-
gens tested, while the transgenic N. plumbaginifolia
lines with impaired NpPDRI expression as a result
of RNA interference showed decreased resistance to
spontaneous or controlled infection by the fungus
B. cinerea. However, Botrytis sensitivity of the AtPDR12
insertion line has not been tested yet. In this line,
insertion occurred within the last exon and it is likely
that AtPDRI2 may still be transcribed (Campbell et al.,
2003). Therefore, we cannot exclude that the encoded
protein is still partly functional even though this line
showed increased sensitivity to sclareol. An additional
AtPDR12 insertion line without any detectable PDR12
transcript should be obtained before comparing Bo-
trytis sensitivity of NpPDRI1-silenced N. plumbaginifo-
lia plants and AtPDR12 insertion Arabidopsis lines. A
third difference between NpPDRI1 and AtPDRI2 is
their expression pattern. Although NtPDR12 expres-
sion at the tissue or cell level is still unknown, this gene
is more highly expressed in the leaf than in the root,
under normal conditions (Campbell et al., 2003), while
we found the converse to be the case for NpPDRI.
These discrepancies between the Arabidopsis and
Nicotiana homologs possibly reflect differences in the
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regulatory and functional properties that diverged
during evolution. Indeed, given the high variability
in secondary metabolites produced by plant species,
large variations in the genes coding for transporters of
these metabolites might be expected. For instance,
diterpenes, such as sclareol, are important defense mol-
ecules at the leaf surface of some Nicotiana species,
but, so far, have not been identified in Arabidopsis.
Another reason might be that the plant defense does
not operate in a similar way in different species. For
instance, the SA-dependent defense pathway induces
resistance to B. cinerea in tomato (Lycopersicon esculen-
tum) but not in tobacco (Achuo et al.,, 2004). The
sclareol susceptibility of the transgenic material with
impaired NpPDR1 expression supports a role of the
PDR transporter in the secretion of this and possibly
other antimicrobial or defense-related metabolites both
as a constitutive defense barrier at the leaf surface and in
the soil around the root and as part of the JA-dependent
induced defense system following pathogen attack.

As P syringae pv tabaci was shown to induce
NpPDR1 expression, it could be hypothesized that pre-
venting NpPDR1 expression would make the plant
more sensitive to this bacteria. Actually we did not
observe reproducible higher sensitivity of NpPDRI1-
silenced plants to this strain. This suggests that the
substrates transported by NpPDR1 are not the only
defense mechanism that protects the plant against this
pathogen. On the contrary, preventing NpPDRI ex-
pression clearly increased the plant’s susceptibility to
the fungus B. cinerea to such an extent that spontane-
ous infection was observed that eventually led to plant
death. This observation demonstrates the major role of
NpPDR1 in the plant defense.

The question of the substrates transported by
NpPDR1 is still puzzling, like for many ABC trans-
porters. Sclareol has been used as a model substrate for
NpPDR1 (Jasinski et al., 2001), AtPDR12 (Campbell
et al., 2003), and the S. polyrrhiza homolog, SpTUR2
(van den Brile et al., 2002). The increased susceptibil-
ity of the NpPDR1-silenced plants to sclareol is a strong
argument supporting that this diterpene is indeed an
NpPDR1 substrate. However, there is no reason to be-
lieve that this chemical is the only or even the major
substrate of these PDR-type transporters. Indeed, some
ABC transporters are known to have broad substrate
specificity. For instance, Pdr5p, the Saccharomyces cer-
evisize ABC transporter showing highest identity with
NpPDR1, transports a wide range of structurally un-
related molecules, such as flavonoids, steroids, and
various antibiotics (Kolaczkowski et al., 1998). It is
therefore conceivable that NpPDR1 might transport
different classes of terpenes or other compounds syn-
thesized in response to pathogen attack. A large range
of substrates is likely to be also the case for AtPDR12
since this transporter was recently shown to contribute
to lead resistance, presumably involving other sub-
strates than sclareol (Lee et al., 2005). To try to identify
NpPDR1 substrates, we attempted to express this trans-
porter in a yeast S. cerevisiae strain in which the eight
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major ABC transporters had been deleted (Decottignies
et al., 1998). Unfortunately, the protein was expressed
at a low level and did not fold correctly in this heter-
ologous system (J. Crouzet and M. Boutry, unpublished
data). A phylogenetically closer expression system will
therefore have to be developed.

In conclusion, the localization of NpPDR1 expres-
sion to the leaf trichomes and the roots and its re-
sponse to biotic stress support its involvement in the
secretion of defense-related metabolites, both as a con-
stitutive defense barrier and as part of an inducible
defense mechanism. The finding that NpPDR1 silenc-
ing resulted in increased susceptibility to sclareol and
spontaneous infection by B. cinerea provides direct
evidence for a role of NpPDRI1 in plant defense and
defines a new function for the ABC transporter family.

MATERIALS AND METHODS
Plant Material

Nicotiana plumbaginifolia seeds were treated with 500 ug/mL of gibberellic
acid and germinated on humidified compost. After germination, the plants
were grown in compost in a growth chamber under conditions of 16 h light
(200 wmol photons s ! m™2 at soil level) at 25°C and 8 h dark at 19°C.

For in vitro culture, seeds of transgenic Nicotiana tabacum L. cv SRI and
N. plumbaginifolia were sterilized for 1 min in 70% (v/v) ethanol and 3 min
in 50% (v/v) commercial bleach, then washed five times in sterile water.
N. plumbaginifolia seeds were further treated with 500 ug/mL of 0.22 um-
filtered gibberelic acid. Transformants were selected on solid Murashige and
Skoog medium (4.4 g/L of Murashige and Skoog salts [ICN Biomedicals], pH
5.6, 3% Suc, 1% agar) supplemented with 100 mg/L of kanamycin, and grown
at 25°C under conditions of 16 h light (50 umol photons s"'m %) and 8 h dark.
When rooted, the plants were transferred to soil and grown in growth
chambers as described above.

Plant Transformation

The NpPDR1 cDNA 5’ region encompassing nucleotides 12 to 434 was
amplified using two sets of oligonucleotides containing additional restriction
sites (5'-ATAGGTCTCGAGTTTTCAGTTCATTTGATC-3’ and 5'-TGTGTGA-
ATTCTTCTATTCTTGAGTTTCAG-3’ for the sense fragment, and 5'-ATTCG-
TGGATCCTTTTCAGTTCATTTGATC-3' and 5'-TGTGTAAGCTTTTCTATT-
CTTGAGTTTCAG-3' for the antisense fragment) and cloned in the sense and
antisense orientation into the polylinkers flanking a pyruvate orthophosphate
dikinase intron in the pKANNIBAL plasmid (Wesley et al., 2001) using the
Xhol/EcoRI and BamHI/HindllI restriction sites, respectively. The correspond-
ing expression cassette, under the control of the cauliflower mosaic virus 35S
promoter, was excised from pPKANNIBAL and cloned into the pART 27 binary
plasmid (Gleave, 1992) using the NotI restriction site.

The 1,282-bp sequence upstream of the NpPDRI transcription initiation
site was fused to the gusA reporter gene and the construct inserted into the pBi
101.1 binary vector (Jefferson et al., 1987) using the BamHI and Smal restriction
sites (Grec et al., 2003). The binary vectors were transferred into Agrobacterium
tumefaciens C58 GV3101:pMP90 (Koncz and Schell, 1986) for stable introduc-
tion into the N. tabacum L. cv SRI and N. plumbaginifolia genomes, as described
previously (Horsch et al., 1985). Transformed plants were selected on solid
medium (4.4 g/L of Murashige and Skoog salts [ICN Biomedicals], pH 5.6, 3%
[w/v] Suc, 1% [w/v] agar) supplemented with 100 mg/L of kanamycin, and
grown as described above. Four independent lines (3, 6, 8, and 9) were kept for
further investigation and propagated up to the fifth generation by selecting
them on kanamycin media. All experiments were performed on at least two
(usually four) lines.

Pseudomonas Infiltration of N. plumbaginifolia Leaves

Pseudomonas syringae pv tabaci LMG 5393 (Laboratorium voor Micro-
biologie van Gent, collection no. 5393 [Belgian Coordinated Collections of
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Microorganisms, BCCM]), Pseudomonas fluorescens LMG 1794, Pseudomonas
marginalis pv marginalis LMG 5177, and P. syringae pv syringae PsP2 were
grown overnight at 28°C in King B medium (King et al., 1954), then suspended
in water to concentrations of 10°® colony forming units/mL, and infiltrated
through the stomata into the mature stalk leaves of 3-month-old N. plumba-
ginifolia plants, using a syringe without a needle.

Botrytis cinerea Identification

The fungal strain isolated from two independent spontaneous infection
events of NpPDR1-silenced plants was identified by the BCCM section of
the Université catholique de Louvain (http://bcem.belspo.be/index.html) as
Botrytis cinerea according to morphological properties of the mycelium and
spores. The strain was indexed as Mycotheque Université catholique de
Louvain 46725.

B. cinerea Infection Assays

Monospore cultures of B. cinerea were grown in petri dishes on solid yeast
dextrose medium (2% [w/v] Glc, 2% [w/v] yeast extract, 2% [w/v] agar).
Spores were collected in 1 mL of sterile 0.1% (w/v) Tween 80, filtered on
Miracloth paper (Calbiochem), and diluted in water to the appropriate
concentration after counting (Thomas cell). For in vitro leaf-disk infection
assays, 1 cm? leaf disks were cut from 2-month-old in vitro-grown plants and
laid on two blotting papers (MN 218B, Macherey-NagelO) wetted with sterile
water and were then spotted with 5 uL of the B. cinerea suspension (10* or 10°
spores/mL). For in vitro root-infection assays, 2-month-old in vitro plants
were transferred to sterile peat pellets (Jiffy Products International AS) in
a closed box and infected 2 weeks later by addition of 1 mL of B. cinerea spores
(10°/mL) to the soil next to the stem-root junction.

Sclareol Toxicity Assays on Leaf Disks and Protoplasts

Leaves of growth-chamber-grown plants were soaked in tap water con-
taining two drops of commercial detergent (3 min), rinsed under tap water,
and dipped for 30 s in 70% (v/v) ethanol. After a 3-min sterilization in 50%
(v/v) bleach, the leaves were rinsed for 5 X 30 s in sterile water, then 1 cm?
pieces were hand cut and incubated on regeneration medium (Murashige and
Skoog solid medium supplemented with 0.2 mg/L of 3-indol-acetic acid and
2.2 mg/L of 6-benzylaminopurin) containing different concentrations of
sclareol (0, 75, 100, 150, and 200 um). Adventitious bud regeneration was then
observed for 3 to 4 weeks, with renewal of the medium each week.

Protoplasts were isolated as described previously (Lukaszewicz et al.,
1998) from growth-chamber-grown plant leaves and sterilized as described
above, then 150 uL aliquots of the protoplast preparation were incubated for
9 h in a sterile 96-well microplate (Greiner bio-one) with different sclareol
concentrations (0, 25, 50, 75, and 100 uM) and their viability estimated using
0.008% (w/v) fluorescein diacetate by fluorescence microscopy (Leica DMR).

Microsomal Fraction Preparation

Two hundred milligrams of plant material was ground in 1 mL of homog-
enization buffer (250 mm sorbitol, 50 mm Tris-HCI, pH 8.0, 2 mm EDTA, 7g/L
of polyvinylpyrrolidone, 5 mm dithiothreitol, 1 mm phenylmethylsulfonyl
fluoride, and 2 ug/mL each of leupeptin, pepstatin, aprotinin, antipain, and
chymostatin) in a glass tissue grinder (Kontes) in ice. The homogenate was
centrifuged for 5 min at 10,000g at 4°C and the supernatant centrifuged again
under the same conditions, then the resulting supernatant was centrifuged for
1hat 22,000 at 4°C, and the final pellet suspended in 30 uL of 5 mm KH,PO,,
pH 7.8, 330 mm Suc, 3 mm KCl, and 2 ug/mL each of leupeptin, pepstatin,
aprotinin, antipain, and chymostatin.

Antibody Preparation

Rabbit polyclonal antibodies were raised against a peptide corresponding
to Ala-212-Arg-335 of NpPDR1 using a previously described method (Jasinski
et al., 2001).

Western Blotting

For immunoblotting, 5 ug of each protein sample solubilized for 15 min at
37°C in an SDS cocktail (2% [w/v] SDS, 10% [w/v] glycerol, 1% [w/v]
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dithiothreitol, 0.005% [w/v] bromophenol blue, and 80 mm Tris-HCI, pH 6.8,
containing the protease inhibitors mentioned above) was subjected to SDS-
PAGE (7% polyacrylamide) and transferred electrophoretically to a polyvinyl-
idene difluoride membrane (Millipore), which was then blocked with 3%
(w/v) nonfat milk powder in 20 mm Tris-HCl, pH 7.6, 137 mm NaCl, and 0.5%
(w/v) Tween 80. The membrane was then incubated for 1 h at 20°C with
a 1:500 dilution of one of two rabbit anti-NpPDR1 antisera raised, respectively,
against a C-terminal peptide (Jasinski et al., 2001) or against a peptide corre-
sponding to the less conserved region of residues 212 to 335, raised as de-
scribed above, or with a 1:30,000 dilution of a rabbit anti-plasma membrane
H"-ATPase antiserum (Morsomme et al., 1998) in 20 mm Tris-HCI, pH 7.6,
137 mm NaCl, 0.1% (w/v) Tween 80, and 0.5% nonfat milk. The secondary
antibodies (peroxidase-conjugated sheep anti-rabbit IgG antibodies; Chemicon)
were diluted in the same buffer and used as indicated by the manufacturer, and
then bound antibody was detected by chemiluminescence (Roche Applied
Science).

In Situ Immunolocalization

The leaf abaxial epidermis was pealed off and fixed for 20 min on ice in
100 mm sodium phosphate (SP), pH 7.2 (SP buffer), containing 4% (w/v)
paraformaldehyde. After two washes in SP buffer containing 0.2% (v/v)
Nonidet and one wash in SP buffer, the cell walls were digested by incubation
for 30 min at 20°C in 5 mm CaCl,, 500 mm Suc, 0.6% (w /v) cellulase, 0.2% (w/v)
macerozyme (Yakult Pharmaceuticals), and 0.1% (w/v) bovine serum albu-
min, pH 5.2. The tissue was then blocked for 1 h in blocking buffer (phosphate-
buffered saline [136 mm NaCl, 2.7 mm KCl, 10 mm NaHPO,, 1.76 mm KH,PO,,
pH 7.4] containing 0.4% [w/v] nonfat milk, 0.04% [w/v] Tween 80), then
incubated for 1 h at 20°C in blocking buffer containing antibodies against
NpPDR1 (1:150 dilution) or H*-ATPase (1:80 dilution). After four washes in
blocking buffer, the samples were incubated for 1 h at 37°C with fluorescein
isothiocyanate-coupled goat anti-rabbit IgG antibodies (Molecular Probes),
washed 4 X 10 min in blocking buffer and once in phosphate-buffered saline,
and examined using a Leica DMR fluorescence microscope.

Histochemical Analysis

GUS activity in the leaf epidermis of N. tabacum plants was measured as
described previously (Moriau et al., 1999).

RT-PCR Analysis

Twenty micrograms of total RNA was reverse transcribed using dT-18 and
M-MLV reverse transcriptase (Promega), following the manufacturer’s in-
structions. Using 1 uL of different dilutions (1:10, 1:50, and 1:100) of the sam-
ple, a 294-bp fragment of NpPDR1 cDNA, and, as a control, a 650-bp fragment
of the atp2-1 cDNA (Boutry and Chua, 1985), were amplified by PCR using the
primers described above. A 369-bp fragment of tobacco PR1a (Payne et al.,
1988) and a 427-bp fragment of tobacco PR2b (Linthorst et al., 1990) were
amplified using, respectively, the primers 5'-TGCCTTCATTTCTTCTTGTC-3’
plus 5'-AAACCACCTGAGTATAGTGTCC-3’, and 5'-ACATTGCTTCCG-
GAATGG-3' plus 5'-ACCATCTTGTACCACCAC-3'. The number of cycles
varied according to the gene to prevent signal saturation; 22 (atp2-1), 30
(PR1a), 26 (PR2-b), and 30 (NpPDRI).
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